This study aims to investigate the effect of the main parameters on the performance of a continuous flow electro-coagulation (EC) process for nitrate removal efficiency and its operating costs. For this purpose, the Taguchi experimental design with orthogonal array L27 ( 3 13 ) was applied to analyze the effects of selected parameters, namely initial nitrate concentration, inlet flow rate, current density and initial pH. According to the analysis of variance results, the inlet flow rate and the current density were recognized to be the most effective factors playing a pivotal role in nitrate removal efficiency by using an EC process. The optimum conditions of initial nitrate concentration, inlet flow rate, current density and initial pH were found to be 100 mg/L, 50 mL/min, 80 A/m 2 and 8, respectively. As a result, the observed nitrate removal efficiency under these conditions was 61.70%. In addition, operating costs were evaluated as 1.278 US$/g NO 3 -removed. Finally, a high correlation was observed between the experimental and predicted results indicating an appropriate accuracy of the Taguchi model for nitrate removal efficiency and its operating costs in an EC system.
INTRODUCTION
Nitrate contamination of groundwater resources emerged as a serious environmental problem due to the incremental usage of groundwater for drinking and agricultural purposes (Hosseinzadeh Talaee ). The extensive application of nitrogen fertilizers, the disposal of untreated domestic/ industrial wastewater in an unsafe manner, and the leakage in septic systems has increased the nitrate contamination load in waterways. Further, excessive nitrate concentration in drinking water can also cause adverse human health problems such as blue-baby syndrome (methemoglobinemia) (Azadegan et al. ) . Therefore, the World Health Organ- Among the physico-chemical methods, the electrocoagulation (EC) method was recognized as an eco-friendly, efficient and cost-effective process. Further, the successful application of this method was approved for removing various kinds of pollutants (Emamjomeh & Sivakumar a) such as nitrate (Koparal & The flotation of flocs occurs because of the production of hydrogen gas at the cathode, resulting from water reduction.
The main cathodic and anodic reactions for the aluminum electrodes are as follows (Yildiz ) :
In the solution:
The Taguchi method, as a statistical experimental design, is implemented to provide reliable data by reducing the number of experiments. Regarding the use of a matrix design in an orthogonal array, the Taguchi design is a prefer- A digital peristaltic pump (Heidolph, PD 5201, Germany) was used to provide the continuous flow in the system. Figure 1 illustrates the EC system used in the present study. . Sodium sulfate (Na 2 SO 4 ) (Merck, 99%) was used as the supporting electrolyte in order to increase the conductivity of the solutions. The electro-conductivity of the solutions was recorded by an EC meter (Cond 340i, WTW, Germany). The initial pH of solutions was adjusted by H 2 SO 4 (2 N) and NaOH (5 N), and pH values were measured using a pH meter (340i, WTW, Germany). All experiments were accomplished at ambient temperature. The concentration of nitrate in the effluent and the influent samples was analyzed by UV-Vis spectrophotometer (Hach, DR4000, USA) at a wavelength of 500 nm. The percentage of nitrate removal was calculated using Equation (4):
where C r and C t are the nitrate concentration in raw and treated solutions, respectively.
Calculation of operating costs
Costs of electrical energy, electrode materials, chemicals, maintenance, and disposal of sludge constitute the operating costs in the EC process ( The energy consumption in the EC process is calculated by Equation (6):
where E is the energy consumption (kWh), V is applied vol- Faraday's law (Equation (7)) (Ghosh et al. ; Hoosh-
where I is the current (A), t is the reaction time, M is the molecular mass of aluminum ion (26.98 g/mol), z is the number of electrons transferred in the reaction (z ¼ 3) and F is Faraday's constant (96,487 C/mol).
Experimental design and data analysis
The Taguchi method is based on four main steps, including:
(1) to determine the factors and their levels, (2) to conduct Table 1 . In the present study, the Taguchi orthogonal array L27 ( 3 13 ) was applied to analyze the impact of the selected parameters on nitrate removal efficiency and its operating costs.
According to the Taguchi method, the values of the experimental observations were transformed into signal-tonoise (S/N) ratios. The S/N ratio is a quality indicator which evaluates the effect of changing a particular parameter on process performance (Roy ). In this study, the S/N ratios of 'the larger is the better' and 'the smaller is the better' were used for the efficiency of the nitrate removal and the operating costs, respectively. Two performance characteristics were evaluated for 'the larger is the better'
and 'the smaller is the better' by Equations (8) and (9), respectively (Roy ):
where n and y i are the number of observations and observed data, respectively. The impacts of the selected parameters were evaluated through analysis of variance (ANOVA) with 95% confidence level. The statistical software 'Minitab'
(version 16) was also used to analyze the obtained data.
RESULTS AND DISCUSSION

Experimental results
The experiments were conducted based on the Taguchi orthogonal array matrix. In Table 2 , the observed and predicted values of the conducted experiments are presented for the nitrate removal efficiencies and the operating costs.
According to the data achieved by Minitab software, the coefficient of R 2 was 96.8% and 93.6% for nitrate removal efficiency and its operating costs, respectively. Further, high correlation between the experimental data and the predicted results indicates acceptable accuracy of the Taguchi model for both responses in the continuous EC process.
ANOVA and evaluation of the effects of the parameters
The ANOVA test for S/N ratios was also performed in order to calculate the statistical significance of the selected parameters for the nitrate removal efficiency and the operating costs. Moreover, the results clearly indicate that the selected interactions had no significant effect on both the nitrate removal efficiency and its operating costs in this study.
Given the obtained results, the inlet flow rate was considered as the most important parameter for the nitrate removal efficiency when using the continuous EC process. ). Also, it was found that the current density and the flow rate were significant parameters for the operating costs of the EC process. However, initial pH and initial nitrate concentration had no significant effect on operating costs in the present study. The findings of the current study do not support the results of the study carried out by Nazlabadi & Alavi Moghaddam (), who found that the initial nitrate concentration (300-500 mg/L) and initial pH were significant parameters for the operating costs of the batch EC process. As shown in Figure 3 , the operating costs are highly dependent on the current density and the flow rate values.
As is well known, the flow rate determines the reaction time, thus an increase in the current density and the flow rate leads to higher energy consumption (Equation (6)) and electrode corrosion (Equation (7)). Further, reducing the energy consumption and electrode corrosion will make the continuous EC process more affordable in terms of operating costs.
The interaction plots for the nitrate removal efficiency and its operating costs are shown in Figure 4 . As is evident, the interaction between initial concentration and the flow rate is the most important interaction with regard to the nitrate removal efficiency and the operating cost.
The higher S/N ratios indicate the highest removal efficiency. Therefore, the optimum conditions achieved by the Taguchi model for initial nitrate concentration, flow rate, current density and initial pH were: 100 mg/L, Figure 4 | The interaction plots for (a) nitrate removal efficiencies (%) and (b) operating costs (US$/g NO 3 -removed) in the Taguchi method using the continuous EC process. 2 and 8, respectively. Under these conditions, the efficiency of nitrate removal and the estimated operating costs achieved were 61.70% and 1.2781 US$/g NO 3 -removed, respectively. Altogether, a detention time of about 60 minutes is essential to reach a nitrate concentration lower than the guideline value of 50 mg/L NO 3 (ISIRI ; WHO ) using a current intensity of 2.91
Amperes for an initial nitrate concentration of 100 mg/L.
CONCLUSIONS
In the present study, the Taguchi orthogonal array L27 ( 3 13 ) was employed as an experimental design tool to evaluate the effect of the main parameters on the removal of nitrate and its operating costs, through using a continuous EC process.
For this purpose, four main parameters including initial nitrate concentration, inlet flow rate, current density and initial pH were selected. The ANOVA results revealed that the first three of the above-mentioned parameters (with a contribution ratio of 25.36, 18.79 and 18.79%, respectively), could markedly influence the nitrate removal efficiency, while the current density (40.57%) and the flow rate (34.71%) were regarded as significant parameters for the operating costs. Based on the optimum operating conditions, suggested by the Taguchi model, 61.70% nitrate removal with an operating cost of 1.278 US$/g NO 3 -removed was achieved at initial concentration, flow rate, current density and initial pH of 100 mg/L, 50 mL/min, 80 A/m 2 and 8, respectively. Regarding the nitrate removal efficiency and the operating cost terms, the coefficients of R 2 were found to be 96.8% and 93.6%, respectively. The high correlation between the experimental and predicted results proved that the Taguchi model was a powerful tool to evaluate the continuous EC process for nitrate removal efficiency and its operating costs.
